Abstract: Macroscopic fibres of carbon nanotubes are hierarchical structures combining long building blocks preferentially oriented along the fibre axis and a large porosity arising from the imperfect packing of bundles. Synchrotron small-angle X-ray scattering SAXS measurements show that such structure is a surface fractal with fractal dimension (Ds) of 2.5 for MWCNT fibres and 2.8 for SWCNT fibres. N2 adsorption measurements give similar values of 2.54 and 2.50, respectively. The fractal dimension and deviation from Porod's law are related to density fluctuations associated with the wide distribution of separations between CNTs. These fluctuations are also evident as diffuse wide-angle X-ray scattering (WAXS) from CNTs at distances above * Corresponding author. Tel +34 915-493-422. E-mail: juanjose.vilatela@imdea.org (Juan J. Vilatela) 2 turbostratic separation. The structure of CNT fibres produced at different draw ratios is compared in terms of degree of orientation and characteristic lengths parallel and perpendicular to the fibre.
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Introduction
The last decades have seen the development of a large library of fascinating nanostructured building blocks with wide range of chemical compositions and morphologies. Amongst the most studied of these are nanocarbons, 2D layers, transition metal di-chalcogenides, metal and metal oxide nanowires and cellulose nanofibers. In order to exploit their properties, these nanobuilding blocks are often assembled into macroscopic architectures and further processed to form composites, electrodes, membranes and other components. In the macroscopic ensemble the spatial distribution and interaction between building blocks play a critical part in determining the bulk properties of the system, often dominating over intra-particle features. The confluence of multiple length scale also implies that these macroscopic ensembles of nanobuilding blocks have a complex hierarchical structure that is both difficult to probe experimentally and to characterize precisely. Examples of different nanocarbon architectures include membranes produced by vacuum filtration (so-called bucky paper) 1 , 3D porous scaffolds obtained by freeze-drying 2 , and continuous macroscopic fibres of nanotubes 3,4,5 or graphene 6, 7 . The case of macroscopic fibres of CNTs is particularly interesting for at least three reasons. The first stems from the possibility to adjust in a controlled way and independently the type of building block (in terms of the number of 3 layers) and its orientation relative to the fibre axis 8 ; with the added benefit that only one angle is required to describe the orientation between the 1D CNTs and the fibre axis. The second lies in the large evidence that bulk electrical and mechanical properties of these materials are strongly dependent on attributes of the CNT ensemble, such as CNT orientation and the degree of overlap, which determine on the one hand the effective inter-tube charge transfer resistance and on the other, the length over which stress is transferred in shear 9 . Piezoresistance 10 , gas and liquid sensing 11 and capacitance 12 are also expected to depend on collective properties of the ensemble, such as specific surface area and pore size distribution. Few materials can be used both as a porous electrode as well as a high-performance reinforcing fibre, which itself points to an unusual structure. Thirdly, the production of these fibres in semi-industrial quantities 13 and fast pace of development application 14, 3 gives testimony of their technological relevance. The hierarchical structure of CNT fibres has been studied mainly by electron microscopy analysis 15 , including inspection of FIB-sections 16, 17 . These techniques reveal the inner structure of the porous CNT fibres, but as a qualitative description constrained to a small sample volume. WAXS measurements have been used to determine the orientation of CNTs 18 , 19 , 15 and to characterize alignment heterogeneities 20 . SAXS studies have shown an intense component along the equator (fibre streak) attributed to elongated voids and bundles of CNTs. Micro-focus synchrotron studies showed a correspondence between CNT and bundle alignment, implying that there is no substantial misorientation of CNTs in the bundles, and used either the SAXS fibre streak or the (002) reflection to quantify fibre orientation 18 . Further analysis of SAXS was used to compare degrees of swelling and other relative structural changes in fibres after infiltration of liquids, based on the assumption that the scattering intensity strictly follows Porod's law for a two-phase system with sharp smooth boundaries 11, 21 .
Overall, a direct interpretation of SAXS data for systems far from an ideal multi-phase structure is challenging, and even more so when they are anisotropic 22 . That is the case for fibres of CNTs, and most likely for the other macroscopic ensembles of nanobuilding blocks mentioned above.
The high porosity of CNT fibres makes them similar to porous carbons with a large rough internal area, such as activated carbon or glassy carbon, yet, consisting of high-aspect ratio pores preferentially orientated parallel to the fibres axis. Highly oriented regular needle-shaped pores are also present in carbon fibres (CF) and have been extensively studied by SAXS 23 , however they are much smaller and present at significantly lower volume fractions.
This paper sets out as a multiscale-study of CNT fibres in an effort to gain further insight into their structure and bulk fibre properties. We treat the material as both a porous carbon and an oriented network of crystallites, and combine gas-adsorption and synchrotron WAXS-SAXS measurements. The results show that CNT fibres are in fact fractal surface structures, with features reminiscent of both CF and coal. The structural effects of applying higher draw ratios during fibre assembly in the gas-phase are analysed and related to tensile properties through a "degree of crystallinity" extracted from WAXS, which becomes a convenient predictor of tensile properties when comparing different CNT fibres.
Experimental

Materials
The CNT fibers were synthesized by the direct spinning method. 24 Briefly, the fibers are produced by continuous drawing of an aerogel of CNTs directly from the gas phase during CNT growth by chemical vapor deposition in a vertical reactor. Butanol, ferrocene and thiophene were used as carbon source, catalyst and promoter, respectively, in a concentration of 97.7:1.5:0.8 chosen to produce fiber made up of thin few-layer multiwall carbon nanotubes (MWCNT) with average diameter of 5 nm (S/C ratio = 3.3x10 -3 at. %). Fibres of predominantly singlewall carbon nanotubes (SWCNTs) were produced using a lower S/C ratio of 2.2x10 -4 at. %.
The draw ratio is defined as the elongation of the aerogel relative to the velocity of the carrier gas, defined as = , where W is the rate at which the fibre is extracted from the reactor, i. e. the winding rate, and Vgas the carrier gas velocity, typically ≈ 0.3 m/min. Winding rates are in the range 7 -40 m/min.
Characterisation
Electron microscopy was carried out with a EVOR MA15 SEM using an accelerating voltage of 5~20 kV and a JEOL JEM 3000F TEM at 300kV. Gas adsorption measurements were carried out on a commercial surface area analyzer, Gemini VII 2390 (Micromeritics) and Quantachrome
Quadrasorb SI porosimeter. Isotherm data (including adsorption and desorption) using nitrogen as the probe molecule were recorded at liquid nitrogen conditions, i.e., 77.3 K. Dried overnight CNT fibers (weighed 33-50 mg) were outgassed at 300 °C for 3 hours under vacuum prior to the measurement. Extensive precautions were taken to ensure that both the data and its mathematical treatment were accurate: samples of at least 33 mg were used for each measurement and measurements were repeated at least 2 times, Data we extracted from isotherms were accurate over the whole pressure range (SOM). To calculate specific surface area multi-point BrunauerEmmett-Teller (BET) plot was employed within the adsorption branch of the isotherm in the relative pressure range 0.1 < P/P0 < 0.3, the surface fractal dimensions were calculated using Tensile tests were carried out with a Favimat Tensile tester, using a gauge length of 20mm. The modulus was calculated from the tangent to the initial quasi-linear part of the stress-strain curve for strains < 0.5%.
Results and Discussion
A CNT fibre can be visualized as a network of bundles of nanotubes predominantly oriented parallel to the fibre axis but with a large porosity arising from the imperfect packing of the CNT bundles, as shown in the example in Fig. 1 for a sample of few-layer MWCNTs. In this work, the samples studied correspond to fibres produced by the direct spinning method, whereby an aerogel of CNTs is directly drawn out of the chemical vapour deposition chamber during growth of CNTs, but we expect the concepts developed to apply to various other macroscopic ensembles of nanobuilding blocks. The hierarchical structure of these fibres resembles that of staple yarns, made 7 up subfilaments which in turn are made up of even smaller subfilmanets. Their tensile properties 25 , knot resistance 26 and liquid uptake 27 are also reminiscent of yarn-like structures. At smaller scales, high magnification electron micrographs show that the pore structure is a reflection of a wide distribution of inter-bundle separations, as shown in Fig.1 c-d . Closed-packed bundles are in close proximity (<1 nm) and overlap along a fraction of their length, but then branch out and give rise to pores. The pores are thus delimited by the bundles and the pore sizes reflect interbundle separations. This pore structure is accessible by XRD measurements, which can probe from interatomic spacings (wide-angle) to mesopores (small-angle) while also taking into account the anisotropy of the sample, for example by using a 2D detector. The porous structure shown in Fig.   1 is also suitable for gas-adsorption studies, which cover the range ̴ 0.35 nm to tens of nm. Before providing an interpretation of the surface fractal dimension in this system, we introduce N2 gas adsorption measurements, which probe the dimensionality of the CNT fibre array by a completely different mechanism, namely by adsorption of gas molecules on the material's surface.
This method is based on adsorption isotherms using the modified Frenkel-Halsey-Hill (FHH) theory, according to
where V is the volume of adsorbed gas at the relative pressure of P/P0, Vm the volume of monolayer coverage. 30 .Taking the slope in this regime (5.55), the resulting surface fractal dimension comes out as 2.54, which is nearly identical to the SAXS value. 38 , give values of Ds from SAXS 2.8 and Ds from gas adsorption 2.5 (SOM).
CNT fibres as an anisotropic porous material
While the discussion above has treated the fibres as a porous carbon and found good agreement with similar materials in that group, the fibres are in fact highly anisotropic. distance. This scattering contribution is diffuse, somewhat similar to that of an amorphous polymer, and corresponds to CNTs that are too far apart to contribute significantly to stress transfer by shear.
The oriented pore structure at larger spacings (pore sizes) is also evident in the 2D SAXS pattern.
Taken as FWHM of the azimuthal profile after Lorentzian fitting, the degree of orientation remains fairly constant in the q range 0.1 to 18 nm -1 (Fig. 3d) The fractal nature of these samples is closely linked with their network structure of graphitic planes 13 in a rough disordered arrangement. Even graphite, with a much lower porosity, has a fractal surface across 6 orders of magnitude 39 . This is perhaps more intuitive in 2D maps obtained from neutron transmission in graphite, which produced irregular surfaces whose perimeter-area relation also obeys a power law with non-integer exponent and leading to a similar fractal dimension around 2.5 39 . In its simplest interpretation, the fractal dimension of CNT fibres implies that they are not only porous, but that their effective surface is dependent on the size of the element used to measure it, i.e. of the q range. Because these pores are open, they can be independently probed by gas adsorption measurements and thus provide the same fractal dimension. Their fractal dimension would seem to be linked to density fluctuations arising from imperfect packing of elements across the Å to 100 nm length-scale. But unlike a standard porous carbon, in CNT fibres such density fluctuations are anisotropic, with the pores elongated in the fibre direction. Needle-shaped pores and density fluctuations have been extensively studied in CF 40 and glassy carbon 41 and thus provide an interesting comparison. The distribution of interlayer spacings in graphitic carbons produces density fluctuations that lead to non-integer Porod slopes (1.85 to 2.58 in Kratky slit optics 42 ) that could be interpreted as fractal structure in the sense that the effective surface of scattering is dependent on q. For CNT fibres the dominant porosity is inter-particle, arising from imperfect packing of CNTs. The internal "porosity" of the hollow CNTs (intra) is expected to be more regular and, because of the small diameter < 3nm of the CNTs in this study, therefor only observed at relatively large q values. A small peak at q  1 nm -1 in equatorial profiles has been previously attributed to the CNT hollow cylinder form factor, 43 and indeed it is observed in aligned CNT fibres (SOM).
A fractal dimension of around 2.5 is in fact common in various disordered systems with interconnected and ramified porosity, more generally defined as fracturing ranked surfaces 44 . Such structures arise in graphitic materials most likely because of the high anisotropy of graphitic domains, where the high in-plan rigidity and weak interaction between layers inherently favour the formation of disordered porous systems by imperfect packing. This effect is magnified in CNT systems because of their enormous aspect ratio, in the range of 10 5 -10 6 for the CNTs in this work.
Structure-properties
It is of interest to relate specific structural features of the CNT fibre to bulk fibre properties, and particularly to be able to control the fibre structure during its production in order to tailor it and thus obtain desired properties. With this objective, we have analysed a series of CNT fibres with different draw ratios. Fibres with low degree of alignment (DR<70) have tensile properties in the range of a polyester though nevertheless superior to most metals on a mass basis (i.e. normalized by specific gravity), whereas highly oriented fibres (DR≈130) of the same molecular composition have properties in the high-performance range approaching aramid fibre (Kevlar). Increasing the DR produces, for example, a variation of tensile modulus from 18 GPa/SG to 62 GPs/SG and an increase in specific strength from 0.3 GPa/SG to 1.1 GPa/SG. The structural features that give rise to these differences in tensile properties are not captured by changes in the fractal dimension (Table   S2 ), but in finer details of the WAXS-SAXS and the pore size distribution obtained by gasadsorption. This is not surprising considering that tensile and electrical properties depend on load and charge transfer processes across CNTs over interatomic potential distances < 1nm, and thus not sensitive to porosity over multiple length-scales. Table 1 presents tensile properties and different structural parameters for few-layer MWCNT fibre samples produced with different DR.
Lp, the Porod chord length, is the average lateral size of the pore; L3, the average length of pore;
I(002) is intensity of the (002) normalized by the invariant. The width of mesopore size distribution is extracted from N2 adsorption measurements. Details are included in SOM4. As expected, drawing improves alignment of the CNTs. This has the additional effect of making the pores narrower (lower Lp) and more elongated (higher L3), as well as narrowing the distribution of pore sizes (w). The schematic in Fig. 4 illustrates the structure of fibres produced at high DR, according to the SAXS and gad-adsorption data in Table 1 . Waviness can be ignored on this lengthscale because of the high persistence length of CNTs > 100nm. More importantly, the WAXS results in Table 1 indicate that applying higher DR to the CNT fibre at the point of assembly in the gas-phase not only reorients the CNTs and bundles, but additionally leads to an increase in the fraction of CNTs at turbostratic separations. (Fig. S4b) , implying that a larger fraction of the material consists of graphitic layers at sufficiently close separation to transfer stress by shear. The cut off distance for mechanical interaction between graphitic planes is a priori unknown, but it is clear that the combined increase in tensile strength and modulus is largely due to this improvement in bundle packing. An increase in tensile modulus could in principle be ascribed entirely to improved orientation of crystalline domains, following well established mechanical models for high-performance fibres 45 , 46 . But the increase in tensile strength must originate from the formation of new shear load-bearing interfaces upon drawing, which thus provide an increment in maximum load per unit mass that the fibre can withstand before failure. In this respect, CNT fibres would seem to behave like molecular solids, rather than monolithic crystalline materials, with the coexistence of non-coherent and coherent domains and the integral of the (002) reflection normalized by the invariant represents a measure of degree of effective crystallinity for stress transfer. These concepts were applied to samples produced at different draw ratios in order to determine the structural features that arise at the point of CNT assembly in the gas phase that later determine, for example, tensile properties. SAXS shows that pores become more oriented, sharper and more elongated as the fibre is drawn. But the improvement in orientation for higher draw ratios has the additional effect of increasing the fraction of graphitic elements at sufficiently close separation to take part in stress transfer and as a result both modulus and tensile strength of the bulk fibre increase. This resembles the behaviour of high-performance polymer fibres. Heat-tensioning of rigid-rod polymer fibres, for example, has the dual effect of improving orientation and increasing lateral coherence size, thus doubling both tensile strength and modulus 47 . In the case of CNT fibres, determining a coherent domain size from WAXS is challenging because of the contribution from internal layers of CNTs and the wide distribution of inter-tube spacings. With respect to the latter, simulations show that the energy barrier for translational displacement in turbostratic graphite is very small 48 and it is therefore expected that negligible stress transfer takes place across intertube distances > ̴ 0.5 nm, but a precise cut-off distance is still to be determined.
Conclusions
ASSOCIATED CONTENT
Supporting Information. Details of N2 adsoprtion measurements, misorientation in multifilament samples, fractal dimension values for different samples (including SWCNT fibres), sstructural parameters of CNT fibres extracted from SAXS and gas adsorption data, and "Degree of crystallinity": fraction of graphitic planes taking part in stress transfer obtained by normalising the equatorial intensity of the (002) by the invariant. This material is available free of charge via the Internet at http://pubs.acs.org.
AUTHOR INFORMATION
Corresponding Author * E-mail:juanjose.vilatela@imdea.org
